The management of craniovertebral instability by performing C1-2 transarticular screw fixation has achieved a high degree of acceptance and success in adult patients. The main reasons for the rapid acceptance of this technique are high fusion rates and a relatively low incidence of complications. [1, [4] [5] [6] [7] [8] [10] [11] [12] [13] [16] [17] [18] In a report by Paramore, et al., [14] the anatomic suitability of C1-2 joint spaces for transarticular screw fixation in adult patients was examined. They reviewed a series of computerized tomography (CT) scans obtained in surgically and nonsurgically treated patients to determine the potential for C1-2 screw placement. In addition, they described a method for determining a potential screw trajectory. They concluded that 18 to 23% of patients "may not be suitable for posterior C1-2 transarticular screw fixation on at least one side." Although that report is helpful as a reference, it cannot be applied directly to the pediatric population without first discussing the unique anatomy of the developing craniovertebral junction and accounting for the challenges presented by congenital vertebral anomalies.
In a recently published case series in which upper cervical fusion procedures in pediatric patients were discussed, the authors stated that C1-2 transarticular screw fixation is "often not applicable to preadolescent children." [9] They believed that young children may lack adequate bone thickness for good screw purchase. Although we agree that both the smaller size constraints and the tendency toward congenital or syndromic bony abnormalities make the pediatric population a challenge to manage, we disagree that transarticular screws cannot be used in pediatric spinal surgery. We report our experience in evaluating 32 children with instability at the atlantooccipital level, atlantoaxial level, or both levels with regard to the anatomical suitability of C1-2 transarticular screw fixation, and we discuss our approach to determining whether or not transarticular screw placement is appropriate in a given patient.
CLINICAL MATERIALS AND METHODS
From March 1, 1991 to October 1, 1998, 32 consecutive patients 16 years of age or younger with atlantooccipital, atlantoaxial, or occipitoatlantoaxial instability were evaluated at Primary Children's Medical Center or The University of Utah Medical Center in Salt Lake City, Utah. A retrospective review of the patients' medical records was undertaken, and each patient was characterized by age, sex, cause and level of instability, and treatment type.
All patients underwent extensive preoperative imaging, including plain radiography, CT scanning, and magnetic resonance imaging. A standard format for CT scanning was followed throughout. The format called for thin-cut (1 mm) CT slices to be obtained from the occiput to C-3 so that the entire potential transarticular screw trajectory could be visualized. Preoperatively each patient's radiological data were carefully assessed to determine the suitability of each C1-2 joint to accept a transarticular screw. Joints were considered not to be suitable for screw placement if the location of the C-2 transverse foramen precluded screw placement, or if there was inadequate bone to accept at least a 3.5mm-diameter screw along the entire proposed pathway.
The process of establishing a safe C1-2 transarticular screw trajectory by using thin-cut CT reconstruction requires intimate knowledge of the patient's atlantoaxial anatomy. One technique is to use a high-speed CT work station when performing the planning. First, a two-dimensional parasagittal reconstruction of the atlantoaxial joint is created to identify the transarticular screw entry point near the C2-3 facet joint on one side (Fig. 1) . This screw entry point will be referred to as the "trajectory origin." Second, an axial slice obtained through the C-2 pars interarticularis is produced, and with the trajectory origin still at the midpoint of the C2-3 facet, the screw trajectory is chosen by angling the plane of reconstruction slightly medial (2-5°) to the parasagittal plane (Fig. 2 upper) . We then produce a reconstructed image, slightly off the parasagittal plane, which is the first approximation of the anticipated screw trajectory (Fig. 2 lower) . Third, in a systematic fashion, the screw trajectory is adjusted both medially and laterally on the axial images to determine the greatest amount of bone available for transarticular screw purchase. Finally, the second and third steps are repeated at least two more times, once with the trajectory origin just medial to the midpoint of the C2-3 facet joint and once just lateral. This entire process is then repeated on the opposite side. The final trajectory of the screw traverses a portion of the C-2 pedicle, C-2 pars interarticularis, C1-2 joint space, and lateral mass of C-1. All of these structures should be visualized on the reconstructed image, with the trajectory often times just off the true parasagittal plane. The final result of this analysis is a screw trajectory that utilizes the maximum amount of atlantoaxial bone available. We believe this systematic approach allows a high degree of flexibility during the preoperative planning stage, especially for small patients or those in whom bony anomalies are present.
RESULTS
Overall characteristics of the patients are summarized in Table 1 . Patient age ranged from 4 to 16 years, with a mean age of 10.2 years. There were 22 boys and 10 girls. The most common causes of craniocervical instability were os odontoideum (12 patients) and ligamentous laxity (nine patients). Associated causes included trauma in 10 patients and Down's syndrome (trisomy 21) in six patients. Atlantoaxial instability was demonstrated in 17 patients, occipitalcervical junction instability in 11 and both atlantooccipital and atlantoaxial instability in four. At outside institutions six patients had undergone a total of nine previous attempts at posterior fusion.
After careful assessment of the preoperative multiplanar CT reconstructions, we judged that the anatomy in 55 (86%) of 64 C1-2 joint spaces, including the position of the vertebral artery, and the anatomical relationship of C-1 to C-2 was suitable for transarticular screw placement. Overall, 29 of 32 patients (91%) underwent C1-2 transarticular screw fixation. In three patients there was unsuitable anatomy bilaterally, and in another three patients there was unsuitable anatomy unilaterally. For those patients in whom the anatomy was judged suitable for screw placement, the screw diameter was chosen after careful examination of the CT scan. All joint spaces accepted either a 3.5-or 4-mm-diameter screw, except for one in which we placed a 2.7-mm-diameter screw. In patients with occipitocervical instability in whom C1-2 screws were placed stabilization was achieved with a contoured occipitocervical U loop that was modified to incorporate C1-2 transarticular screws. All constructs were supplemented with autologous iliac crest bone graft and multistranded cable.
There were no vertebral artery or neural element injuries during placement of any of the 55 transarticular screws. Figure 3 demonstrates postoperative images of two representative cases. Fig. 3 . Postoperative lateral plain radiographs revealing C1-2 transarticular screw fixation for the management of atlantoaxial instability (left) and occipitoatlantoaxial instability (right).
DISCUSSION
We have demonstrated that C1-2 transarticular screw placement for craniovertebral instability is feasible in a large proportion of pediatric patients. We found that in 91% of pediatric patients there was at least one C1-2 joint that was considered anatomically suitable for C1-2 transarticular screw placement. Overall, 86% of all potential joint spaces were considered suitable. Transarticular screws were then safely and successfully placed in all of the C1-2 joint spaces that had been judged anatomically suitable preoperatively.
Previous work by several authors has defined the safety and efficacy of this procedure in adult patients. [4, 5, 10, 13, 16, 18] Notable among these series is the work by Paramore, et al., [14] who reported that in 18 to 23% of a general population of adult patients the C1-2 anatomy might not be suitable for placement of transarticular screws on at least one side.
In the only published report of the application of this technique in pediatric cases, Brockmeyer, et al., [3] described its use in two patients, aged 6 and 10 years. Lowry, et al., [9] reviewed the outcomes of 25 pediatric patients who underwent fusion for occipitocervical or upper cervical spine instability by conventional means . The mean age of children in their series was 9 years. Diagnoses were similar between the series reported by Lowry, et al., and our present series, with the majority of children having atlantoaxial instability associated with os odontoideum or congenital atlantoaxial hypermobility. Although they discussed the potential application of C1-2 transarticular screw placement in their patients, the technique was not utilized.
Potential concerns about performing transarticular screw placement in children have previously been discussed in our earlier case series. [3] These concerns include the potential for limiting future growth, the development of juxtafusion disease, and the youngest age for which this procedure may be performed. Because a child's craniovertebral region reaches adult size and configuration by approximately age 8 to 10 years, the potential for significant growth limitation is minimal. [2, 15] In our experience, this procedure can probably consistently be performed at 4 or 5 years of age, although we know of one 3-year-old patient in whom this procedure was performed. (Weidner, personal communication, 1993) Long-term follow-up review is required to determine if there are any developmental complications related to screw fixation in this group of pediatric patients.
Thorough preoperative imaging and analysis of the craniovertebral junction is of paramount importance before considering C1-2 transarticular screw placement in a pediatric patient. The screw trajectory reconstruction algorithm that we employed enabled a flexible approach to preoperative planning and facilitated the definition of a safe screw trajectory in the maximum number of patients. In contrast with other described methods, our method provides for the flexibility of choosing a pathway that is angled off a strictly coronal or sagittal plane. On a number of occasions, we found that the optimum trajectory was directed slightly medially within the pars interarticularis. Without this additional flexibility, it is unlikely that we would have been confident enough to place screws in as many patients as we did.
In summary, we have demonstrated that in the great majority of pediatric patients who present with instability of the craniovertebral junction, favorable anatomy and adequate bone thickness are present for the safe and successful placement of C1-2 transarticular screws.
